Introduction
Greater Sage-grouse (Centrocercus urophasianus) are ground-dwelling galliforms found exclusively in North America. Historically, they occupied virtually any habitat dominated by sagebrush (Artemisia tridentata), including much of the western United States (Johnsgard, 1983) . Because of the loss, fragmentation, and degradation of sagebrush habitat, Greater Sage-grouse populations have declined dramatically (Braun, 1998) , resulting in the isolation of small populations from larger populations which exist in more contiguous habitat ( fig. 1 ). Many of the populations that are currently small and isolated (such as in Washington and Utah) were historically much larger and well connected ( fig. 1 ). The one exception is the population of Greater Sage-grouse that exists in the sagebrush habitat along the border between Nevada and California identified as the Bi-State Planning Area (Bi-State Local Planning Group, unpublished conservation plan), hereafter referred to as "Bi-State", centered on the Mono Basin ( fig. 1 ). This narrow peninsula of sagebrush is surrounded on most sides by mountain ranges and is geographically isolated from other Greater Sage-grouse populations, yet not due to significant loss of sagebrush habitat ( fig. 1 ). Rather, this population appears to have been largely isolated through geographic and landscape features since before English settlement (Schroeder and Planning Area circled in blue and Churchill and Lassen sampling areas in red (modified from Schroeder and others, 2004) . The dots represent areas that were sampled previously (Lassen, Churchill, Lyon and two areas collectively referred to as Mono). Note the dark-gray-colored sagebrush pockets (separated from other dark gray areas) in the Bi-State Planning Area.
others, 2004). The only area where this population was once connected to the rest of the species' range was a narrow patch of sagebrush north of the Bi-State area, near Lassen, Calif., that has now been lost through habitat conversion. A previous study of Greater Sage-grouse characterized genetic variation across the species' range. This study revealed that the distribution of genetic variation showed a gradual shift across the range in both mitochondrial and nuclear markers, suggesting that in general, movements of the Greater Sage-grouse were typically among neighboring populations and not across the species' range (OylerMcCance and others, 2005a) . The Bi-State population, however, was an exception to this pattern as it was found to be genetically distinct because it is characterized by a high proportion of unique mitochondrial DNA (mtDNA) haplotypes (Benedict and others, 2003; Oyler-McCance and others, 2005a) and has significant population differentiation as measured using microsatellite analysis (OylerMcCance and others, 2005a) . As a result of these findings, Oyler-McCance and others (2005a) suggested that the Greater Sage-grouse in the Bi-State warranted special attention and added that maintaining the genetic integrity of this population could protect the evolutionary potential of this population of Greater Sage-grouse. Concern for the survival of small, isolated populations and how they may be affected by catastrophes and environmental factors has created a need for closer examination of this population.
Previous genetic research on this population studied only limited numbers of birds from one sampling location in Lyon County, Nevada, and two locations in Mono County, California. This sampling effort included only a portion of the geographically isolated area ( fig. 1) . Further, samples were obtained from hunter-killed Greater Sage-grouse shot in the fall, such that the breeding location (that is, location of leks attended) of those birds was unknown. The extent of the birds' movement among discrete areas of sagebrush within the Lyon/Mono region ( fig. 1 ) remains unknown, as does the specific boundaries of the genetically distinct population. To address these issues and to look at the population's subdivision within this region, six distinct breeding locations of Greater Sage-grouse within the Bi-State were targeted for sampling with the goal of analyzing samples using the same techniques used in previous studies (Benedict and others, 2003; Oyler-McCance and others, 2005a) . This information could then be used to characterize genetic variation at a finer scale within the Bi-State and could be compared to other Greater Sage-grouse populations neighboring the Bi-State population. Our specific objectives were to (1) determine whether there was genetic structure among the subpopulations sampled within the Bi-State, (2) determine whether all subpopulations within the BiState carried the unique Lyon/Mono genetic signature defined previously, and (3) compare all data (new and previously analyzed) within the Bi-State with the nearest neighboring Greater Sage-grouse populations.
Materials and Methods

Study Area
The Bi-State area straddles the border between Nevada and California and is separated from other continuous sagebrush habitat in both states ( fig. 1 ). It is comprised of smaller, discrete patches of sagebrush and is surrounded by mountain ranges that may segregate subpopulations of Greater Sagegrouse from one another. The areas sampled in this study included Jackass Flat (JF), Wheeler Burcham Flat (WBF), Bodie Hills (BH), Parker Meadows (PM), Long Valley (LV), and White Mountains (WM) ( fig. 2) .
In order to compare these new data to previously analyzed samples from the Bi-State as well as with the two populations most proximal to the Bi-State, data from individuals from three areas analyzed previously (Oyler-McCance and others, 2005a) were included in this analysis (see fig. 1 ). Sample sizes for each of these three populations differed between the mtDNA and the microsatellite analyses and are described below. These data include individuals from the two closest neighboring populations in Churchill, Nev. and Lassen, Calif., as well a group of individuals collected originally from Lyon County, Nev., and Mono County, Calif. (hereafter Lyon/Mono) ( fig. 1 ). It is important to note that the genetic make-up of both the Churchill and Lassen populations was typical of Greater Sage-grouse in the western part of the range, while the genetic make-up of the Lyon/Mono population was determined to be unique (Benedict and others, 2003; Oyler-McCance and others, 2005a) . 
Sample Collection and DNA Extraction
One hundred and ten birds from six areas within the Bi-State were included in this study. Blood samples were obtained from Greater Sage-grouse captured using a spotlight trapping method (Giesen and others, 1982) . The toenail of each bird was clipped and several drops of blood were placed in an EDTA-coated, 1.5-milliliter (mL) Eppendorf tube (Brinkman) and stored at -20°C. DNA was extracted using the GenomicPrep Blood DNA Isolation Kit (General Electric) with modifications following Oyler-McCance and others (2005b) .
Mitochondrial DNA Sequencing
A 146 base-pair portion of hypervariable control region I was amplified using the Polymerase Chain Reaction (PCR) and sequenced using a dye-terminator cycle-sequencing reaction (Beckman Coulter CEQ 8000) as described by Benedict and others (2003) . This region was used because it was known to contain approximately 92 percent of the variable sites in a larger 380 base-pair region spanning control region I (Kahn and others, 1999) . Sequences were edited and aligned with Sequencher 4.2 (GeneCodes) and compared to known, previously-published haplotypes (Kahn and others, 1999; Benedict and others, 2003; Oyler-McCance and others, 2005a) . For the mtDNA analysis, we included data from individuals analyzed previously (Oyler-McCance and others, 2005a) from Churchill, Nev. (n = 18), Lassen, Calif. (n = 22), and Lyon/Mono (n = 54).
Microsatellite Analysis
Seven nuclear microsatellite loci (LLST1, SGCA5, SGCA9, SGCA11, LLSD3, LLSD8, and ADL0230) were screened using the methods described in Oyler-McCance and others (2005a) . To briefly describe the method, PCR reactions were performed using a dye-labeled forward primer; amplified products were then run on the CEQ 8000 Genetic Analysis System (Beckman Coulter). 
Data Analysis
A number of different analyses were used to investigate the three different objectives of this study. These methods are described in further detail by objective below.
Evaluating Genetic Substructure within the Bi-State
All mtDNA sequences were edited and aligned using Sequencher Version 4.1.4, and haplotypes (unique DNA sequences) were identified through comparison with previous mtDNA work ( OylerMcCance and others, 2005a) . A neighbor-joining tree was generated in MEGA version 4.0 (Tamura and others, 2007) in the non-coding mode using the complete-deletion option and the Kimura 2 parameter model of mutation. One thousand bootstrap replicates were conducted. For an outgroup, we used a blue grouse (Dendragapus obscurus) control-region sequence that was published in Genbank (Accession number AY570356.1). Measures of mtDNA genetic diversity were calculated in Arlequin 2.001 (Schneider and others, 2001 ) as were pairwise subpopulation F ST The mean number of microsatellite alleles (unique variants) for each subpopulation was calculated and the observed and expected levels of heterozygosity were estimated using Genalex (Peakall and Smouse, 2006) . Allelic richness, which adjusts for discrepancies in sample size by incorporating a rarefaction method, was estimated in FSTAT 2.9.3.2 (Goudet, 1995) . Microsatellite loci were tested (by subpopulation) for departures from Hardy-Weinberg equilibrium (Guo and Thompson, 1992) using the computer program Arlequin 2.001 (Schneider and others, 2001) . Pairwise subpopulation genetic distances (F tests. Subpopulations were deemed to be significantly different using a Bonferroni corrected P value of 0.001, that corrects the P value due to multiple comparisons.
ST ) were calculated in Arlequin 2.001 (Schneider and others, 2001) . Subpopulations were deemed to be significantly different using a Bonferroni corrected P value of 0.001. Subpopulation structure was also examined using STRUCTURE 2.00 software (Pritchard and others, 2000) . In this program, individuals are grouped into clusters without regard to the assigned subpopulation using a model-based clustering analysis. The number of unique genetic clusters (K) was initially estimated by conducting five independent runs each of K = 1-10 with 100,000 Markov Chain Monte Carlo (MCMC) repetitions and a 100,000 burnin period using the model with admixture, correlated allele frequencies, and no prior information. An additional set of five independent runs was then conducted with K= 1-7 with 500,000 MCMC repetitions and a 250,000 burnin period using the above model. The most appropriate value of K was determined by choosing the smallest value of K before the log-likelihood estimates plateau.
Comparing New Bi-State Data with Previously Collected Data from Lyon/Mono
To determine whether the newly collected data from the Bi-State were characteristic of the unique Lyon/Mono signature described previously (Benedict and others, 2003; Oyler-McCance and others, 2005a) , we compared the distribution of mtDNA haplotypes and microsatellite allele frequencies in the newly collected data with those of the original Lyon/Mono samples. For these analyses, we treated each measured subpopulation within the Bi-State as a true population and calculated pairwise population F ST Comparing All Bi-State Data with Data from the Nearest Neighboring Populations tests using both the mtDNA and the microsatellite data.
To investigate how the Bi-State birds (including the original Lyon/Mono samples) compared to birds in the closest populations outside the Bi-State, we again compared the distributions of mtDNA haplotypes and microsatellite alleles for all Bi-State birds with the Churchill and Lassen populations. For these analyses, we treated each subpopulation within the Bi-State as a true population and calculated pairwise population F ST Results tests using both the mtDNA and the microsatellite data. Additionally, we used the program STRUCTURE (Pritchard and others, 2000) to estimate the most appropriate number of unique genetic clusters given the data. We initially estimated K by conducting five independent runs each of K = 1-10 with 100,000 Markov Chain Monte Carlo (MCMC) repetitions and a 100,000 burnin period using the model with admixture, correlated allele frequencies, and no prior information. An additional set of five independent runs was then conducted with K= 1-7 with 500,000 MCMC repetitions and a 250,000 burnin period using the above model. The most appropriate value of K was determined by choosing the smallest value of K before the log-likelihood estimates plateau.
Mitochondrial Analysis
Of the 110 individuals sequenced in this study, we found 11 haplotypes in the Bi-State with two being new (not described previously in Oyler-McCance and others (2005a)). The two new haplotypes were each only one substitution different from a previously described haplotype (Oyler-McCance and others, 2005a) . All haplotypes belonged to one of the two deeply divergent clades identified previously (Kahn and others, 1999) , with the two new haplotypes both belonging to clade I ( fig. 3) . Among the six subpopulations newly analyzed here, the average number of haplotypes per subpopulation was 4.33. Subpopulation PM had only two haplotypes (BM and BJ), and hence had a small gene diversity of only 0.2821 (table 1) . Of the Bi-State subpopulations, JF had the highest gene diversity (0.7714), LV had the highest number of haplotypes (6), and JF and BH were tied for second (5; table 1). Bootstrap values over 60 are shown. Clade 1 (previously described in Kahn and others (1999) Haplotypes X, A, DH and DA were the only haplotypes found in the Bi-State in this study that have ever been reported outside of the Bi-State (haplotype DA was found previously in Elko, Nev.). Of the 110 individuals sampled, only 14 (13 percent) had haplotypes that were shared with Greater Sagegrouse outside the Bi-State (table 2). The most frequently occurring haplotype in the Bi-State in this study was BJ-it occurred in 32 individuals (table 2). This haplotype was also the most frequently occurring from the original Lyon/Mono samples. The nine haplotypes that are unique to the Bi-State were found in both clades ( fig. 3 ) and are not closely related to one another.
Pairwise population comparisons (F ST
Microsatellite Analysis
) showed no significant differences between the previously collected Lyon/Mono samples and all other newly collected Bi-State subpopulations (table 3) . The Churchill population was significantly different from all the Bi-State subpopulations except PM (P < 0.001).
There was only one significant departure from Hardy Weinberg Equilibrium in subpopulation LV with the SGCA9 locus (P<0.0001). The average number of microsatellite alleles per subpopulation ranged from 3 to 4.85 for the samples analyzed in this study and from 5.6 to 6.4 in the Lyon/Mono, Lassen, and Churchill populations (Oyler-McCance and others (2005a) ). Parker Mountain (PM) and Wheeler Burcham Flat (WBF) had the lowest average number of alleles per locus at 3.0, yet when we correct for differences in sample size, WBF and WM had the lowest allelic richness (table 4). The range of allelic-richness values across all subpopulations is small (table 4).
Pairwise population F ST
The STRUCTURE analysis estimated the most likely number of unique genetic clusters (K) given the data and then assigned each individual a probability of belonging to each of those K clusters. The most appropriate number of unique genetic clusters for the newly collected data (LV, BH, WBF, PM, WM, JF) was 3 (fig. 4) . The WM subpopulation appeared to be different than the other subpopulations-in the WM subpopulation, most individuals have a high probability of belonging to the genetic cluster represented in red (fig. 4) . A second STRUCTURE analysis that included previously collected samples from Lyon/Mono, Churchill, and Lassen revealed that the most likely value of K given that data set was 4 ( fig. 5 ). Individuals from Churchill and Lassen were similar to each other, yet different from the Bi-State individuals in that they were largely assigned to a genetic cluster represented in red. Again, the WM subpopulation appeared somewhat different from other Bi-State birds, being characterized largely by assignment in the genetic cluster represented in blue ( fig. 5) . The remaining BiState birds were variable in their cluster assignments ( fig. 5 ).
tests revealed that among subpopulations, most were significantly different from only a few other subpopulations, with the exception of WM, which was significantly different from all other subpopulations. When comparing each subpopulation to the 68 Lyon/Mono samples previously collected, only WM was significantly different (table 5) . Upon comparing all BiState birds to Churchill and Lassen, all subpopulations as well as the previously collected Lyon/Mono samples were significantly different. 
Conclusion
The mtDNA analysis revealed that all newly sampled subpopulations contained haplotypes that were consistent within the genetically unique Lyon/Mono Greater Sage-grouse described previously (Benedict and others, 2003; Oyler-McCance and others, 2005a) . Specifically, all subpopulations contained individuals with the BM haplotype that is characteristic of the Lyon/Mono birds, and all but one subpopulation had the haplotype BJ represented, which too is considered to be a Bi-State haplotype. Additionally, all but one subpopulation (PM) were found to be significantly different from the Churchill population when comparing mtDNA haplotype frequencies (pairwise F ST ). Interestingly, none of the subpopulations were significantly different from the Lassen population at mtDNA frequencies (table 3) , yet this may be more reflective of the low power of comparisons using smaller sample sizes, as the F ST values themselves are not particularly small. Additionally, Lassen is the closest population that was once connected to the Bi-State ( fig. 1 ).
Two new haplotypes were found at locales LV and WM that have not previously been described in Greater Sage-grouse (table 2) . Both belonged to clade I ( fig. 3) yet were only single-base-pair substitutions from existing Bi-State haplotypes BL and BM, which suggests that the new haplotypes are recent mutations from those more common haplotypes. The PM subpopulation had the lowest reported number of haplotypes (two) yet also had the second lowest sample size (n = 13). The WM subpopulation also had a lower number of haplotypes (four) with a relatively high sample size (n = 29).
Pairwise population F ST
The STRUCTURE analysis of the subpopulations revealed that the data are best represented by three distinct genetic clusters and that the WM subpopulation appears to be distinct from the other subpopulations. The STRUCTURE analysis also revealed one potential migrant from the WM area into the neighboring LV area (an individual in the middle of the LV group that is characterized almost completely by the red cluster, fig. 4 ). When the Lassen and Churchill populations (outside the Bi-State) and data from the original Mono/Lyon birds are included in the STRUCTURE analysis, there are most likely four unique genetic clusters, and the Churchill and Lassen populations are markedly different from all other individual populations ( fig. 5 ). The WM subpopulation does appear to maintain its subdivision, suggesting that it is substantially isolated from the other Bi-State subpopulations ( fig. 5) .
tests using the microsatellite data reveal that all newly described subpopulations are significantly different from the outside populations of Churchill and Lassen (table 5) . However, many of the subpopulations are also significantly different from one another (table 5). The WM subpopulation was the only subpopulation that was significantly different from all others. It is the southernmost subpopulation and is somewhat isolated and at a higher elevation (fig. 2 ).
The number of microsatellite alleles was fairly constant across the newly collected Bi-State subpopulations with BH relatively high (probably due to large sample size or central location in the BiState) and PM and WBF relatively low. When we correct for unequal sample sizes, however, WBF and WM have the lowest allelic richness.
There does appear to be additional subdivision within the Bi-State, particularly with the WM subpopulation. This subpopulation does have some of the typical unique Lyon/Mono haplotypes (BM and DQ) yet lacks the common BJ. More striking is the subdivision that is noted when examining the microsatellite data (table 5, figs. 4 and 5) and when comparing its genetic diversity to other subpopulations in the Bi-State (tables 1 and 4). The WM population of Greater Sage-grouse is uniquely located at the southwestern edge of the species' range at a high elevation location east of the Sierra Nevadas. The average elevation at relocation points for Greater Sage-grouse radio-marked in WM was 3,200 meters (m) ± 220m with some individuals commonly found above 3,600 m (U.S. Geological Survey (USGS), unpublished data). The base of the White Mountain range starts at about 1,300 m and rises to 4,341 m atop White Mountain Peak. Sagebrush-dominated vegetation communities are primarily found at the sub-alpine elevation zone between 2,900 m -3,660 m (Mooney and others, 1962) . Vegetation on lower elevation slopes (1,980 m to 2,900 m) is dominated by pinyon (Pinus monophylla) and juniper (Juniperus osteosperma) woodland (pinyon/juniper: PJ). This band of PJ may form a barrier to grouse movement, as Greater Sage-grouse are known to avoid these habitats (Commons and others, 1999; Casazza and others, in press ). The closet known subpopulation to the WM population is the LV subpopulation. These subpopulations are at a distance of approximately 60 kilometers (km) apart, and much of the habitat between WM and LV is fragmented and unsuitable for Greater Sagegrouse.
Both the mtDNA and the microsatellite data suggest that the Bi-State Greater Sage-grouse are genetically unique from Greater Sage-grouse elsewhere across the range. This supports previous genetic work using the same microsatellite markers (Benedict and others, 2003; Oyler-McCance and others, 2005a) . Both data sets also suggest that the Churchill population is more divergent from the Bi-State birds than is the Lassen population. This is not surprising, as the Lassen population was potentially connected to the Bi-State population historically and is now separate because of the loss of habitat connecting them.
As has been suggested previously (Oyler-McCance and others, 2005a) , the Bi-State Greater Sage-grouse are genetically unique and warrant special attention. Maintaining the genetic integrity of this population could protect the evolutionary potential of this population of Greater Sage-grouse. Since the two mtDNA monophyletic clades reported by Kahn and others (1999) are not separated geographically and both occur in the Bi-State (Oyler-McCance and others, 2005a), it can be concluded that the Bi-State population became isolated from other sagebrush areas after the two clades, which had previously been separated, were re-joined less than 850,000 years ago (Kahn and others, 1999) .
The amount of genetic differentiation between the Bi-State birds is similar to if not greater than the amount of genetic difference between the Gunnison Sage-grouse and neighboring Greater Sagegrouse in Colorado. This genetic differentiation suggests that the Bi-State birds may have been isolated from other Greater Sage-grouse for a similar amount of time. This isolation is likely due to geographic and landscape features (for example, lack of sagebrush habitat) that have been in place since before English settlement (Schroeder and others, 2004) . Unlike Gunnison Sage-grouse, however, Bi-State Greater Sage-grouse have not developed the distinct differences in plumage, morphology (C.E. Braun, oral comm.), and behavior (Taylor and Young, 2006) that have led to the reproductive isolation and speciation in Gunnison Sage-grouse.
